The morphology, structure and magnetic properties of the nanocomposites of magnetite (Fe3O4) nanoparticles and alginic acid (AA) are studied. Magnetite Fe3O4 nanoparticles and the nanoparticles capped with alginic acid exhibit very distinct properties. The chemical bonding between alginic acid and the surface of magnetite nanoparticles results in the recovery of surface magnetization. On the other hand, it also leads to the enhanced surface spin disorder and unconventional behavior of the magnetization observed in Fe3O4-AA nanocomposites at low temperatures. Keywords: nanocomposite, magnetite nanoparticles, alginic acid, enhanced magnetization Preu~evali smo morfologijo, strukturo in magnetne lastnosti nanokompozitov na osnovi nanodelcev magnetita (Fe3O4) in alginske kisline (AA). V primerjavi z magnetitnimi nanodelci izkazujejo nanokompoziti Fe3O4-alginska kislina precej druga~ne lastnosti. Molekule alginske kisline se kemijsko ve`ejo na povr{ino magnetitnih nanodelcev in s tem povzro~ijo vrnitev povr{inske magnetizacije. Hkrati pa se s tem v nanokompozitih Fe3O4-AA pri ni`jih temperaturah pove~a povr{inska neurejenost spinov in nekonvencionalno vedenje magnetizacije.
INTRODUCTION
The interest in the composites of polymers with magnetic nanoparticles stems from their unique physical properties and potential future applications for magnetic-data storage, 1 electronic devices and sensors, 2 biomedical applications in magnetic resonance imaging, 3 drug delivery 4 and hyperthermia agents. 5 From this point of view, one of the most preferred magnetic materials is magnetite Fe 3 O 4 because it is a biocompatible mineral with a low toxicity (for example, the crystals of magnetite are magnetoreceptors in the brains of some animals 6 ). It also exhibits a large magnetic moment and a spin-polarized electric current -the features highly desired for the applications in spintronics.
In bulk, magnetite crystallizes in the inverse spinel AB 2 Nanostructured magnetite exhibits different magnetic, electronic and optical properties than the bulk material. Particularly, a significant reduction in the magnetization at the surface of Fe 3 O 4 nanoparticles makes them useless for many applications. This obstacle can be overcome by capping the magnetic nanoparticles with polymers 8 or organic acids, which allows a restoration of the surface magnetism. 9 One of the best capping material is alginic acid, which is a cheap, common and nontoxic natural biopolymer. 10, 11 The aim of this work is to study the effect of the alginic-acid capping on the surface magnetization recovery in Fe 3 O 4 nanoparticles.
EXPERIMENTAL WORK

Sample synthesis
All the chemicals used in the experiments were purchased from SIGMA ALDRICH. To obtain the disaggregated nanoparticles of magnetite Fe 3 O 4 , a portion of 9.0 mmol of FeCl 3 · 6H 2 O was dissolved in 200 mL of ethylene glycol. The solution was vigorously stirred. After 15 min 131.7 mmol of CH 3 COONa and 1.575 mmol of polyethylene glycol PEG 400 were added and the stirring was continued until they completely dissolved. Then, the solution was transferred into 50 mL teflon reactors and heated using microwave radiation (MARS 5, CEM Corporation) at 160°C for 25 min. The black suspension of the nanoparticles obtained as a result of the reaction was first cooled, isolated by centrifugation and washed with absolute ethanol. The final product was dried in a vacuum oven at 40°C. A nanocomposite was prepared from the aqueous dispersion of the magnetite nanopowder and alginic acid (AA) that was then air-dried at room temperature. The nanocomposite had the form of flakes with flat surfaces.
Sample characterization
The crystallographic structures of the samples were studied by means of X-ray powder diffraction (XRD) using an ISO DEBYE FLEX 3000 instrument with a Co lamp (l = 0.17928 nm). The morphology of Fe 3 O 4 nanoparticles was observed using a Philips CM20 SuperTwin transmission electron microscope (TEM). The structures of nanocomposites were studied by means of an atomic force microscope (Dimension Icon®, Bruker) using the magnetic-force-microscope (MFM) mode and NANO-SENSORS™ PPP-MFMR probes. The magnetic measurements were performed using a Quantum Design physical property measurement system (PPMS) fitted with a vibrating-sample-magnetometer (VSM) probe. The solid line corresponds to the best Rietveld profile fit calculated by means of the FULLPROF software for the cubic crystal structure with the Fd-3m space group and X-ray radiation with the wavelength of 0.17928 nm, as used in the experiment. The vertical bars correspond to the Bragg peaks and the line below them is the difference between the experimental data and the fit. XRD studies verified the Fd-3m point group of the Fe 3 O 4 nanopowder with the lattice parameters of a = 0.83641 nm and the mean crystallite size of 20 nm determined with the Scherrer method. For the composite, the intensity of diffraction peaks is too low to perform an analysis, even if the content of magnetite is high and equal to w = 10 %.
RESULTS AND DISCUSSION
A TEM image of magnetite nanoparticles is presented in the inset to Figure 2 . The magnetic nanoparticles are almost monodisperse and spherical. A histogram of the particle-size distribution of Fe 3 O 4 nanoparticles is presented in Figure 2 . The distribution can be fitted with a log-normal function:
where áxñ is the mean size of the nanoparticles and s is the distribution width. The values characterizing the distribution are: áxñ = 20.5 nm and s = 0.11, with áxñ corresponding well to the XRD data. (Figure 4) . The deviation from the Bloch law for the uncapped Fe 3 O 4 nanoparticles can be related to a degraded magnetic ordering at the surface. Moreover, the magnetization of the Fe 3 O 4 nanoparticles at room temperature is only 51 A m 2 /kg, i.e., much below the saturation value for the bulk magnetite (» 90 A m 2 /kg), and also lower than the magnetization of the capped particles, equal to 60 A m 2 /kg. The enhancement of the magnetization and the Bloch-like behavior of the capped nanoparticles can be explained in terms of the recovery of surface magnetism due to the chemical bonding between the AA and Fe 3 O 4 nanoparticles. This bonding between the O atoms in the carboxylic groups and two of the four Fe atoms in the Fe-O surface unit cell makes the coordinations and distances close to those in the bulk. 9 The remaining two Fe atoms still exhibit a reduced magnetization because they are closer to the in-plane oxygens, which results in partially empty d x 2 -y 2 orbitals. The inhomogeneity with respect to the Fe coordination can be responsible for the increased spin disorder or unconventional magnetism at the Fe 3 O 4 surface. This unconventional behavior is manifested as a rapid increase in the magnetization at a low temperature observed for Fe 3 O 4 -AA composites (Figure 4) . The alternative explanation of this magnetization upturn assumes a quantization of the spin-wave spectrum due to the finite size of the particles that occurs at low temperatures and is responsible for the deviation from the Bloch law. 12 The magnetization loops M(H) for the Fe 3 O 4 nanoparticles and Fe 3 O 4 -AA composites are shown in Figure  5 .
Both the nanoparticles and composites exhibit ferromagnetic (ferrimagnetic) hysteresis loops, which saturate above about 0.3 T. The magnetization of the composites is enhanced as compared to that of the uncapped Fe 3 O 4 nanoparticles. At low temperatures the magnetization loops for the composites are the superpositions of the ferromagnetic and linear contribution from an unconventional magnetism. This unconventional behavior cannot be simply related to the paramagnetism at the degraded 
